Introduction

50
Chemo-mechanical couplings where large conformational changes of a protein are 51 coupled to chemical events (i.e., binding and hydrolysis of nucleotide triphosphates) are 52 often found in biomolecular motors, 1-3 signaling proteins, 3 chaperones, 4 and clock 53
proteins. 5 The existence of the coupling implies that appropriate positioning 6 of the 54 catalytically competent residues is realized only in a catalytic-dwell state of a protein 55 and is disrupted in other conformational states of the cycle to prevent futile usage of 56 ATP. For example, the formation of the catalytic-dwell state of the myosin motor is 57 coupled to a global conformational change that brings the catalytic loop (switch II) 58
closer to the ATP-binding P-loop. harnessing the free energy gained by the binding and hydrolysis of ATP.
9-11 They are 64 involved in a vast variety of biological processes and their malfunction due to mutation 65 often leads to serious medical conditions such as cystic fibrosis 12 and multidrug 66 resistance. 13 Much attention has been paid to their transport mechanisms with a view to 67 developing effective therapies. (Table S1 ). The engineered disulfide bond introduced in the BtuCD 151 structure to suppress basal ATPase activity was not included in the homology model. 152
The relatively low sequence identity (~34%) between BhuUV and BtuCD poses a 153 significant challenge for homology modeling of thermally stable structures in the 154 membrane environment. We therefore extensively refined the predicted structure by a 155 series of MD simulations. Modeling procedures are briefly summarized in the following 156 section, and details are described in SI (Text S1). The structural stabilities of the 157 predicted structures were examined by relatively long (~1 µs) MD simulations without 158 any restraints on protein atoms. 159
We first considered the nucleotide-bound Occ crystal structure of BtuCD-F (PDB 160 4FI3) 37 as a template of the Occ form, however, the lower resolution (3.47 Å) compared 161 9 to that of the OF form (2.79 Å) could have introduced further uncertainties into the 162 modeling process. Instead, the Occ form (Figure 2b ) was modeled by targeted MD 163 (tMD) simulation 38 using part of the modeled OF structure as target (see below). The 164 effect of the binding of ATP to the NBDs was then investigated by comparing the 165 predicted structures with the crystal structure of the apo IF form (Figure 2) . 166
Representative MD simulations are summarized in Table S2 . 167
168
Iterative refinements of the OF form. We employed MODELLER version 9.16 for 169
building the homology models.
31,32 Sequence alignments were generated by the 170 align2d() function in MODELLER, using the template 3D structure to put gaps in 171 the alignment. For example, the function avoids placing gaps within the secondary 172 structure. Altogether, we generated four structural models (MODEL1-4). The first OF 173 model with bound ATP, which was based on an alignment involving several manual 174 adjustments (MODEL1), turned out to be unstable after a short MD simulation of ~20 175 ns: we observed spontaneous closure of the periplasmic gate and distortion of the 176 helices at Arg121 to Gly134 of both NBD monomers ( Figure S2a and S2b). The 177 instability, especially in the helical region in the NBDs, seemed to originate from the 178 rather low sequence identity between BhuUV and the vitamin B12 transporter BtuCD 179 used as template ( Figure S2c ). On the other hand, there is a crystal structure of a heme 180 importer of Y. pestis (HmuUV) in the apo OF form (PDB 4G1U) 39 having a higher 181 sequence identity (~40%) which can generate better models. Note that the apo HmuUV 182 structure has a significantly different structural arrangement compared to that of the 183 nucleotide-bound BtuCD and therefore cannot be used as a template for the modeling of 184 the nucleotide-bound OF form of the B. cenocepacia heme importer BhuUV. As an 185 alternative, we generated a reference homology model (REF1) by using the apo 186
HmuUV structure as template and replaced the unstable regions in MODEL1 with the 187 corresponding ones of the REF1 structure to make a chimera. Although the helical 188 regions in the new model (MODEL2) turned out to be stable, some other parts were still 189 unstable: the periplasmic gate again spontaneously closed and there was disruption of 190 the dimer interface (data not shown). We speculated that the structural instability may 191 have arisen from the low sequence identity of TM6 connected to the CHs ( Figure S1 of BhuUV-T with bound nucleotides. tMD has been widely used to elucidate the 210 conformational transition pathways of proteins including a type II ABC transporter. 40 In 211 tMD, a biasing force is applied to pull the protein towards a predefined target structure. 212
The application of the external force enables one to induce conformational changes in 213 proteins very efficiently. A caveat is that this method is known to be subject to 214 "large-scales-first" bias and the pathway may deviate from the actual physical one.
41,42 215
We thus disregarded the pathway itself and checked only for stability in the final model. 216
Note that if one chooses the entire MODEL4 OF structure as a target of tMD, the 217 simulation would end up with generating the target structure itself. Alternatively, if one 218 selects a part of the MODEL4 structure as a target, one would obtain protein with the 219 selected part having conformation of the MODEL4 and the remaining part left almost 220 unaffected. In our case, the NBDs and the residues of the cytoplasmic gate of the 221 equilibrated ATP-bound IF structure were pulled so that the domains and the gate closed 222 as in the MODEL4 OF structure (see SI for details). We then performed an equilibrium 223 MD simulation without the bias potential on the protein atoms to check the structural 224 stability of the predicted Occ form. However, this first model was unstable: there was 225 immediate opening of the cytoplasmic gate and widening of the distances between 226 coupling helices in a short MD simulation (data not shown). Then, a second model was 227 generated by also pulling TM6 and 7 of both monomers towards the target (MODEL4). 228
An equilibrium MD simulation (1.5 µs) confirmed the structural stability of the 229 predicted Occ form (MD-2ATP-Occ, Figure S5a ). Ca-RMSD between the averaged 230 structure along the last 500-ns part of the MD trajectory of the Occ form and the 231 BtuCD-F Occ crystallographic one was 2.5 Å ( Figure S5b BhuUV through the electrostatic interaction of Glu94 or Glu231 (BhuT) and Arg84 266 (BhuU) ( Figure S6) . 35 In the MD simulations of the IF and Occ states, however, those 267 salt-bridges were disrupted, and instead salt-bridge pairs between Glu94 or Glu231 and 268 Arg81 (Bhu) were formed ( Figure S5c and S6) . 269
In our predicted Occ structures of BhuUV-T, both gates are closed and BhuT still 270 binds to TMD (Figure 3b and 4, middle) . In addition, the central cavity, although large 271 enough to accommodate the substrate heme, is filled with water molecules (Figure S7a) . 272
The predicted Occ structural characteristics fit well with the crystal structure of the Occ 273 state of the BtuCD-F complex with bound ATP analogs (PDB 4FI3), in which a large 274 central cavity for substrate is also observed ( Figure S7b) . 37 On the other hand, in the 275 predicted OF structure of BhuUV, the periplasimic gate is opened, while the 276 cytoplasmic gate II is closed (Figure 3c and 4, right) . Details of the conformational 277 change from IF to the unique Occ conformation found in our simulation are described in 278 the following section. (Figure 7c ), due to the "partial" dimerization. 370
As shown in Figure 7a , an interesting finding in the Occ state is that the side chain 371 swiveling occurred more frequently in one of the nucleotide-binding sites than the other. 372
Here, we designate the former as NBS1 and the latter as NBS2, respectively. The 373 difference in side-chain mobility of Ser147 originates from the asymmetrical 374 dimerization in the Occ state. The distance between the P-loop and the LSGG[Q/E] 375 motif in NBS1 is larger than that in NBS2, resulting in more frequent dissociation of the 376 side chain of the serine residue (Figure 7a, lower panel) . 377
In contrast, in the OF state, Ser147 of both monomers is always perfectly oriented 378 toward the g-phosphate of ATP (Figure 7b , upper panel) presumably due to the stable 379 "full" dimerization of the NBDs (Figure 7b , lower panel and Figure S10 ). The "full" 380 dimerization ( Figure S10 ) realizes shorter distances and holds the serine residues in a 381 catalytic orientation (Figure 7b ). Ser147 appears key in modulating the catalytic power 382 of the protein in the functional cycle, as discussed below. With respect to the mechanism of the heme transport by BhuUV-T, our 420 mechanism proposed for BhuUV-T is apparently similar to that for the molybdate 421 importer MolBC, but somewhat different from those for BtuCD-F and HmuUV. 
